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Abstract 



We have investigated Be spectroscopy with the use of a quantum- 
chromodynamic potential model which was recently used by us for the light- 
heavy quarkonia. We give our predictions for the energy levels and the El 
transition widths. We also find, rather surprisingly, that although Be is not a 
light-heavy system, the heavy quark effective theory with the inclusion of the 

rrijj"^ and Inrn-ft corrections is as successful for Be as it is for B and Bg. 
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I. INTRODUCTION 



Be spectroscopy has been investigated by several authors [1-4] in recent years by using 
different models and arriving at different predictions for this hitherto unobserved quarko- 
nium. Although Be consists of heavy quarks, its decay modes are not the same as those of 
bb and cc. Indeed, because of flavor conservation in strong and electromagnetic interactions, 
the Be ground state can only decay weakly, which makes it particularly interesting for the 
study of weak interactions. 

We shall present our results for the Be spectroscopy by using a quantum-chromodynamic 
potential model which was recently used by us for the hght-heavy quarkonia [5] . An essential 
feature of our model is the inclusion of the one-loop radiative corrections in the quantum- 
chromodynamic potential, which is known to be responsible for the remarkable agreement 
between the theoretical and experimental results for spin splittings in the bb and cc spec- 
tra [6]. Another advantage of our model is that it is based on a nonsingular form of the 
quarkonium potential, and thus avoids the use of an illegitimate perturbative treatment. 

The choice of potential parameters for Be in the absence of experimental data will be 
discussed in Sec. II, while its spectrum and El transition widths will be given in Sec. III. 
We shall also demonstrate the rather surprising result that although Be is not a hght-heavy 
system, the heavy quark effective theory [7] with the inclusion of the m^^ and m^^lnm;, 
corrections is as successful for Be as it is for B and Bs- 



II. Be POTENTIAL PARAMETERS 



Our model is based on the Hamiltonian 



H^Ho + Vp + Ve 



c-i 



(1) 



where 




(2) 



2 



is the relativistic kinetic energy, and Vp and Vc are nonsingular quasistatic perturbative and 
confining potentials, which are fully given in Ref. 5. The perturbative potential with the 
one-loop corrections involves the parameters rric, rrib, /i, and ag, while the phenomenological 
scalar- vector exchange confining potential involves, besides the quark masses, the parameters 
A and B as well as an additive constant C. 

We expect the dynamics of Be to be largely dependent on the lighter quark c. Therefore, 
in the absence of experimental data, we assume that rric, /x, Oig, A and B for Be have the 
same values as those for cc, while for Be is obtainable from its value for bb by the QCD 
transformation relation. The constant C is usually fixed by the experimental value of the 
quarkonium ground state, but here we make the ad hoc assumption that C is equal to the 
average of its values for cc and &6, so that 



our earlier results [6] with the use of the latest experimental data provided by the Particle 




(3) 



We give in Tables I and II the spectra and parameter values for cc and hh by updating 



Data Group [8]. The values of ccg for cc and hh in these tables approximately satisfy the 



QCD transformation relation 



l + /?o(a./47r)ln(/x'V/^2) 



(4) 



where (5q — 11 — n/ = 3. We also note that, according to the QCD transformation 



relation 




(5) 



with 7o = 2, the value of in Table II for ji = jji^i leads to 



mb = 5.453 GeV for jjl = jicc- 



(6) 
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III. Be SPECTRA AND El TRANSITIONS 



We have calculated the Be spectrum by using the potential parameters in Sec. II and 
following the same procedure as was applied to the light-heavy quarkonia in Ref. 5. The 
theoretical results for the energy levels, together with the ^Pl-^P[ mixing angle arising from 
the spin-orbit mixing terms, are given in Table III. In this table, one set of results corresponds 
to the direct use of our model, while the other two sets are obtained by means of heavy quark 
expansions of our potentials with the inclusion of the m^^ and m^^ In rrib corrections as well 
as without these corrections. Our results numerically differ to varying degrees from those of 
Chen and Kuang [2], Eichten and Quigg [3], and Gershtein et al. [4], and a comparison of 
various results for the lowest S states is shown in Table IV. 

It should be noted that only the energy differences among the energy levels are predicted 
by our potential model, while the absolute energy levels have been obtained by making use 
of the assumption (3). A variation of the parameter C^c will cause a common shift of our 
energy levels in Tables III and IV. 

In Table V, we give the results for the E\ transition widths for Be by using the formulae 

rE,ePj^'S^)^^a{eQfk'j\rf,\', (7) 

where the mean charge (eg) is given by [3] 

\^q) = ■ (8) 

mi,-\-mc 

The photon energies for the El transition widths have been obtained from the energy dif- 
ference of the initial and final he states by taking into account the recoil correction. 

Apart from numerical differences, our results in Table V differ from those of Ref. 3 in 
two respects. In Ref. 3, the results for r/j are the same for all IP ^ 15" transitions as well as 



for all 25" — > IP transitions [9]. We have a different value for r/j for each transition because 
our nonsingular potential allows us to include the spin-dependent terms in the unperturbed 
Hamiltonian. Furthermore, in Ref. 3 some of the widths for transitions involving the mixed 
P states are vanishingly small, while this is not the case in our treatment. This difference 
indicates that our potential gives rise to a larger spin-orbit mixing effect. 

Finally, a comparison of our results for Be in Table III with the corresponding results 
for B and Bg in Ref. 5 shows that the heavy quark expansion with the m^^ and m^^ Inm^ 
corrections is as successful for Be as it is for B and Bg. This is rather surprising because 
the heavy quark effective theory has been generally applied to the light-heavy quarkonia. 
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TABLES 



TABLE I. cc spectrum and parameter values. The energy levels are given 


in MeV. 




Theory 


rLiXpt. 


1 'So ivc) 


2979.1 


on7Q Q_i_i n 




3096.9 


oUy6.o8±U.04 




3617.9 




2 (VO 


3685.9 


QdQCi nn_i_n no 


1 ^Po (Xco) 


3415.2 


o4io.l±l 


1 '^'l iXcl) 


3510.8 


oOlU.OoitU.lZ 


1 ^P2 (Xc2) 


3556.5 


355d.17±0.13 


l^Pi (h ) 


3526.4 


qcof; 1 /i-un 0/1 

OOZD.14±U.Z4I: 


nic (GeV) 


2.212 




ficc (GeV) 


2.942 






0.306 




A (GeV2) 


0.181 




B 


0.244 
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TABLE II. bb spectrum and parameter values. The energy levels are ; 


given in MeV. 




Theory 


Expt. 


1 ^So ivb) 


9407.6 




1 (T) 


9460.3 


9460.37±0.21 




9990.5 




2 ^Si (T) 


10016.1 


10023.30±0.31 




10338.0 




3 ^Si (T") 


10357.9 


10355.3±0.5 


1 ^^0 iXbo) 


9861.9 


9859.8±1.3 


1 ^Pi iXbi) 


9893.4 


9891.9±0.7 


1 ^P2 (X62) 


9914.2 


9913.2±0.6 


1 ^Pi ih) 


9900.8 




^^Poix'm) 


10228.8 


10232.1±0.6 


2 ^Pi ix'bi) 


10253.5 


10255.2±0.5 


2 ^P2 {Xb2) 


10269.8 


10268.5zb0.4 


2 'Pi iK) 


10259.4 




nib (GeV) 


5.406 




l^bb V^eVJ 


O.4io0 






0.283 




A (GeV^) 


0.184 




B 


0.388 
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TABLE III. 


Be ener^ 


57 levels in 


MeV. Effective theory results are 


given with the m^, ^ and 


^ In mfe corrections as well as in the limit of 


nib oo. 








Theory 




Effective theory 


rrib — > oo 


1 'So (B,) 




6246.9 




6246.9 


6246.9 


1 ^S, (B-) 




6308.0 




6311.0 


6246.9 


2'So 




6852.8 




6853.5 


6828.6 






6885.9 




6887.9 


6828.6 






6688.6 




6693.8 


6716.8 


l^P{ 




6737.5 




6737.9 


6716.8 


1 ^Pi 




6757.3 




6758.1 


6752.3 


1 




6773.2 




6772.3 


6752.3 
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25.6° 




28.8° 


35.6° 




; and ijg 


energy levels in MeV 


in our model and some earlier potential models. 




G-J 


Chen-Kuang 


; Eichten-Quigg 


Gershtein et al. 




6,247 




6,310 


6,264 


6,253 




6,308 




6,355 


6,337 


6,317 


- Be 


61 




45 


73 


64 
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TABLE V. El transition widths for Be- 



Transition 


Photon energy (MeV) 


\rfi\ (GeV ) 


Lei (KeVj 


1 3 D ^ 1 3 cr 


449 


1 on 
i.oU 


TO ^? 


1 3 T~>f 1 3 o 
1 Fi 1 Di 


41o 


1.19 


49.0 


1 3 D/ vile 

1 •'Pi ^ 1 /bo 


TO 

47o 


U.OY 


iD.D 


1 3 D > 1 3 c 


OTn 
67U 




AO r\ 
43.0 


1 1 D/ vile 

1 Pi — >■ 1 Oo 




1 no 


DD.D 


1 Id/ ^ 1 3c 

1 Pi ^ 1 t>i 


4o4 


n ceo 


lU.O 


o 3 c V 1 3 D 
2 ill ^ 1 P2 


110 
iiz 


1.91 


4.U 


2 3^1 ^ 1 3p-[ 


147 


1.56 


3.6 


2 ^Si ^ 1 ip{ 


127 


0.80 


0.6 


2 ^ 1 3po 


194 


1.49 


2.6 


2 ^ 1 ip{ 


95 


1.73 


3.6 


2 ^ 1 3p{ 


114 


0.78 


1.3 
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